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[1] Simultaneous observation with the Sondrestrom incoherent-scatter (IS) radar and the
Reimei satellite was conducted on 3 October 2007. The objective was to measure
horizontal patterns of the ionospheric structure in the vicinity of an auroral arc. The IS
radar was scanned azimuthally with a fixed elevation angle, and the satellite narrow-view
camera (557.7 nm) was directed downward taking pictures every 0.12 s. A stationary
auroral arc was captured at 05:17 UT (02:54 MLT) with both instruments simultaneously.
Gross ionospheric features measured with the IS radar around the arc were in good
agreement with the expected magnetosphere-ionosphere current system. Of particular
interest was the horizontal pattern in the ion speed and temperature in the F region. The ion
speed within the arc was close to zero; by contrast the larger ion speed (350–400 m s1)
on the poleward side was parallel to the arc and almost no horizontal shear within
about 20 km width perpendicular to the arc. This area was separated into two parts by the
ion temperature: one was associated with clear enhancements in excess of 1200 K, and
another was with more moderate enhancements (less than 1000 K). The widths of the
two areas were approximately 10 km each. The horizontal shear seen in the ion
temperature suggested the presence of a narrow thermospheric wind shear of about 10 km
width. This paper suggests that the possible cause for the thermospheric wind shear was
ion drag associated with localized soft particle precipitation or F-region ionization.
Citation: Oyama, S., et al. (2009), Spatial evolution of frictional heating and the predicted thermospheric wind effects in the vicinity
of an auroral arc measured with the Sondrestrom incoherent-scatter radar and the Reimei satellite, J. Geophys. Res., 114, A07311,
doi:10.1029/2009JA014091.
1. Introduction
[2] At high latitudes, electromagnetic and particle energy
is transferred from the magnetosphere to the ionosphere and
the thermosphere. The polar ionosphere and thermosphere
act as an energy and particle sink, where the energy is
transformed into both heated and accelerated plasmas and
neutral particles. The former and latter process can be
regarded as energy transformation to thermal and mechan-
ical energy, respectively. These processes cause, for exam-
ple, accelerated winds and atmospheric gravity waves in the
polar thermosphere with various spatiotemporal scales
[Francis, 1974; Kato et al., 1977; Hunsucker, 1982; Fuller-
Rowell, 1984; Hajkowicz, 1991; Millward et al., 1993;
Fujiwara et al., 1996; Fuller-Rowell et al., 1996; Hocke
and Schlegel, 1996; Richards and Wilkinson, 1998; Smith,
2000; Aruliah and Griffin, 2001; Ishii et al., 2001, 2004;
Oyama et al., 2001, 2008; Tsugawa et al., 2003, 2004;
Aruliah et al., 2005]. The majority of these thermospheric
wind variations are regarded as the passive features to the
energy input from the magnetosphere. However, the thermo-
spheric winds can also play an active role in the coupled
Magnetosphere-Ionosphere-Thermosphere (MIT) system
[Lu et al., 1995; Fujii et al., 1998, 1999; Thayer, 1998,
2000]. Lu et al. [1995] revealed that the neutral winds had
approximately a 28% negative effect on Joule heating on the
global average for an event; but greater effects can be locally
appeared [Cierpka et al., 2000].
[3] The ionospheric current system adjacent to the auroral
arc has been studied for four decades using data taken with
satellites [Maggs and Davis, 1968; Weimer et al., 1985;
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Marklund et al., 1994, 1997, 2001, 2004, 2007; Karlsson
and Marklund, 1996; Gustavsson et al., 1997; Mozer and
Kletzing, 1998; Ergun et al., 1998, 2000, 2002; Knudsen et
al., 2001; Andersson et al., 2002; Lynch et al., 2002;
Johansson et al., 2004, 2007; Figueriredo et al., 2005;
Hwang et al., 2006a, 2006b], rockets [Potter, 1970; Kintner
et al., 1974; Carlson and Kelley, 1977; Evans et al., 1977;
Cahill et al., 1980; Thiele et al., 1981; Marklund et al.,
1982, 1983; Ziesolleck et al., 1983], and radars [de la
Beaujardiere et al., 1977, 1981, 1982; Stiles et al., 1980;
Villain et al., 1987, 1990; Milan and Lester, 2001; Milan et
al., 2001, 2002, 2003; Moen et al., 2008]. In the upward
field-aligned current (FAC) region, energetic electron pre-
cipitation causes auroras and ionization mainly at heights
that depend on the precipitating particle energy. The iono-
spheric electron density at the outside of the auroral arc is
frequently lower than the surrounding background level
because of evacuation of plasma to the magnetosphere in
association with the downward FAC [Marklund et al., 1994,
2004]. The depletion region may appear at the magnetic
poleward or equatorward side of the arc depending on the
relative position of the observed ionosphere in relation to
the ionospheric convection cell [Milan et al., 2002, and
references therein]. In the ionospheric depletion region, the
electric field perpendicular to the arc usually has obvious
enhancements, which bring ions in the depletion region
within the arc to maintain electrical neutrality. That ion
motion perpendicular to the arc is equivalent to the Pedersen
current, which permits the current closure between the
magnetosphere and the ionosphere. The electric field accel-
erates ions through the background neutral particles. That
relative speed between ions and neutrals then results in ion-
temperature enhancements, in particular in the F region,
through the frictional heating process as described by the
ion-energy equation [e.g., St.-Maurice and Hanson, 1982;
Killeen and Roble, 1988, and references therein].
[4] Ionospheric ions accelerated by intense electric field
also drag neutral particles by collisions. While the pressure
gradient between the sunlit and the dark hemispheres create
the fundamental pattern of polar thermospheric wind at
F-region heights, ion drag is also an important additional
force for the wind at high latitudes [Fuller-Rowell and Rees,
1980; Sica et al., 1986; Killeen and Roble, 1988; Aruliah et
al., 1991a, 1991b; Crickmore, 1994; Niciejewski et al.,
1996]. Some observations suggest that the thermospheric
winds at F-region heights can follow sudden changes in the
ionospheric convection pattern because of IMF (Interplane-
tary Magnetic Field) variations but with some delays [Conde
et al., 2001]. The thermospheric winds can only respond to a
change in ion motions on a timescale of 10 min or greater at
F-region heights [Baron and Wand, 1983; Killeen et al.,
1984; Kosch et al., 2001]; but it is dependent on the plasma
density. If there is no relative speed between ions and neutral
particles, the ion temperature cannot be increased according
to the frictional-heating theory.
[5] The mesoscale structures in the high-latitude ion
velocity and thermospheric wind have been reported in
several publications [Codrescu et al., 2000; Aruliah and
Griffin, 2001; Matsuo et al., 2002, 2003, 2005; Shepherd et
al., 2003; Aruliah et al., 2005; Matsuo and Richmond,
2008]. Such structures tend to be localized in space and
appeared for a short time. Ionospheric fine structures may
affect the global wind dynamics in the thermosphere by
dissipating more energy than predicted when short-term
fluctuations in ion motion are considered. In practice, even
after averaging abundant data sets from observations, we
can find some notable differences of the thermospheric
wind from results of empirical and global circulation
models (GCM) [Aruliah and Griffin, 2001]. Both genera-
tion mechanisms and effects of the mesoscale ionospheric/
thermospheric structures remain fundamental questions in
this field.
[6] We have conducted a simultaneous observation with
the Sondrestrom incoherent-scatter (IS) radar (67N, 309E,
73 magnetic latitude) in Greenland, Denmark and the
Reimei satellite [H. Saito et al., 2001; Asamura et al.,
2003; Sakanoi et al., 2003] on 3 October 2007. The
scientific objective of this experiment is to capture the
ionospheric image around the auroral arc with a good spatial
resolution of a few kilometers in the F region. The magne-
tospheric and ionospheric condition during the observation
will be mentioned in section 2. The details of the observa-
tion configuration will be presented in section 3. section 4
will show the observation results. The majority of the results
regarding the ionospheric current system associated with the
auroral arc is in fairly good agreement with the theory
proposed by previous studies. However, an important sig-
nature has been found in the IS radar data, which will be
helpful to improve our understanding of the coupled MIT
system. This finding will be discussed in section 5. The
summary and conclusions will be presented in section 6.
2. Magnetosphere and Ionosphere During the
Observation
[7] Variations in the polar ionosphere are dependent on
solar-wind parameters such as the solar-wind speed and
IMF. These parameters should be addressed to capture the
gross features in the magnetosphere and the ionosphere. The
solar-wind speed measured with the ACE spacecraft from
03:30 to 04:30 UT is approximately 460 km s1, which
suggests that it takes about 50 min for the solar-wind plasma
to reach the terrestrial magnetosphere from the ACE posi-
tion. Since the event interested in this paper has appeared at
05:17 UT, here we focus on the solar-wind parameters taken
around 04:27 UT. While IMF Bx and the total magnetic
field remained negative and about 6 nT, respectively, from
04:00 to 05:00 UT, IMF By jumped from 0 to 3 nT at
04:13 UT. After that IMF By did not have notable variations
by 04:43 UT. For that 30 min (from 04:13 to 04:43 UT),
IMF Bz gradually changed from negative to positive,
crossing 0 nT at 04:27 UT. The particle density and the
dynamic pressure from 04:00 to 05:00 UT remained almost
constant at about 10 cm3 and 3 nPa, respectively. Kp index
from 3 to 6 UT was 4-. F10.7 index (Ottawa 10.7-cm solar
radio flux adjusted to 1 AU in 1022 W/m2/Hz) was 67.3 or
low solar activity.
[8] Figure 1 shows the ionospheric convection pattern
deduced from the SuperDARN radar every 6 min (but 2-min
data acquisition) from 05:04 to 05:24 UT. Greenland is
colored in pink for reference. The convection map shown
in Figure 1c is made from data acquired during simultaneous
observations between the Sondrestrom IS radar and the
Reimei satellite. At the upper right corner of Figures 1a–1d,
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the IMF direction is illustrated but with 50 min delay from
the ACE observation. The gross features are in good agree-
ment with a statistical pattern derived by Ruohoniemi and
Greenwald [2005] for individual IMF By and Bz conditions.
While IMF Bz component with 50 min delay turns from
negative to positive around these times, the convection
patterns do not show notable differences among them. It is
worthy of mentioning that the simultaneous observation area
is in the morning convection cell. This suggests that the
dominant component of the background electric field is
southward in the observation region.
3. Instruments
[9] The Sondrestrom IS radar was operated from
04:17:59 to 05:50:51 UT (LT = UT  3 hours; MLT =
UT  2 hours and 23 min) on 3 October 2007. The radar
antenna azimuthally scanned the ionosphere with a fixed
elevation angle of 30. The full width of the azimuth scan
Figure 1. Ionospheric convection pattern estimated from data taken with the SuperDARN radars at
(a) 05:04–05:06 UT, (b) 05:10–05:12 UT, (c) 05:16–05:18 UT, and (d) 05:22–05:24 UT on 3 October
2007. The IMF direction at each time is illustrated at the upper right corner of each Figures 1a–1d but
with 50-min delay from the ACE observation by taking into account the solar-wind speed. The cross
polar cap potential at each time is shown in the upper left corner of Figures 1a–1d. Greenland is in pink.
The solid red circle is plotted at the Sondrestrom IS radar site. The ion-speed scale is shown at the lower
right corner and also in color as shown at the right. The convection pattern of Figure 1c in the red square
was taken at the simultaneous observation between the Sondrestrom IS radar and the Reimei satellite.
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was 24 (between 190.5 and 214.5 clockwise from
geographic north), which was designed to cover the field-
of-view (FOV) of the Reimei satellite camera. The scan
speed was 0.1 per second. The data were integrated for 5 s
or 0.5 width in azimuth. One sequence of the scan, which
was 240 s, contained 48 bins in azimuth. The width of the
bin was approximately equal to 2 km in the F region. The
pulse length was 320 ms, and the ACF (autocorrelation
function) sampling was separated by 21 km range. The
ionospheric parameters such as the electron density, the ion/
electron temperature, and line-of-sight (LOS) ion speed
were derived from the IS spectrum obtained from individual
ACF. This means that the ionospheric data were derived
every 11 km height (= 21  sin 30) and 18 km horizontally
(= 21  cos 30) along the radar beam. The ionospheric
parameters in the lower E region where the scale height is
less than 11 km might introduce some ambiguity compared
to the F region. Data in the E region may not be sufficient
for quantitative studies; but is still available in a qualitative
manner. Data in the F region (above 150 km) will be used
for quantitative studies.
[10] The Reimei satellite was launched on 23 August
2005 into sun-synchronous orbit with an altitude between
610 and 670 km and inclination of 97.8. Five scientific
instruments were carried: a three channel monochromatic
auroral imaging CCD camera (MAC) [Sakanoi et al., 2003],
top-hat-type auroral electron and ion-energy spectrum ana-
lyzers (ESA and ISA, respectively) [Asamura et al., 2003],
current probes (CRM), and magnetic field sensors (GAS).
In this paper data taken with MAC, ESA, and ISA are used.
The MAC three emission lines were N2
+ first negative band
(427.8 nm), OI (557.7 nm), and N2 first positive band
(670.0 nm). During the experiment on 3 October 2007,
the camera of 427.8 nm was off to save the electric power.
While the other two channels were operated, only data taken
with the 557.7-nm camera are presented in this paper
because data taken with the 670.0-nm camera are contam-
inated by strong reflection of the aurora from the tropo-
spheric clouds or the surface of earth. The MAC FOV (7.6;
79  79 km2 at 120 km altitude) was directed almost
downward (to the earth) during the experiment to monitor
horizontal distributions of the auroral emission. The time
resolution of image data was 120 ms. ESA and ISA
obtained the energy spectrum of electrons and ions in the
energy range of 12–12,000 eV and 10–12,000 eV, respec-
tively, with 16 or 32 energy steps. The time resolution was
20 ms (40 ms) for the 16 (32) energy-step case. The FOV at
individual directions was 4, and it was directed within 300
in polar angle direction. While FOVof ESA/ISAwas able to
be directed within FOVof MAC by controlling the satellite
position, the FOV of ESA/ISA was not controlled for the
experiment on 3 October 2007 because the first priority of
the experiment was to direct the camera downward. How-
ever, the foot point of the ESA/ISA FOV was unexpectedly
close to MAC FOV as shown in the next section. The
Reimei satellite flew directly above the Sondrestrom radar
site (maximum elevation angle of 89.8) at 05:16:03 UT at
645.75 km height.
4. Results
[11] Figure 2 shows the auroral arc taken with the Reimei
MAC (wavelength = 557.7 nm) mapping on the 120-km
height layer. The satellite moves from northeast to southwest
at approximately 7.5 km s1 at 645 km height. Thus the area
covered with the MAC is shifted by 0.9 km (= 7.5 km s1 
0.12 s) every snapshot along the satellite path. To make
Figure 2, 14 images are overlaid on the map by selecting
an image every 20 snapshots or 2.4 s. The radar site is
marked by the solid circle. The edge of FOV of the
dwelling radar beam is illustrated by dashed line as
reference. The open circles are the foot points of the
magnetic field line crossing the satellite. They are marked
Figure 2. Integrated images taken with the aurora camera
(MAC; 557.7 nm) on board the Reimei satellite every 2.4 s
from 05:16:43.996 to 05:17:16.059 UT on 3 October 2007.
The images are mapped on the geographic coordinate
assuming the emission layer of 120 km. The coast line
around the southwest of Greenland is drawn with a solid
curve. The color scale is presented at the upper left corner.
The solid circle is plotted at the Sondrestrom IS radar site.
The edges of the field-of-view of the IS radar for one
sequence are illustrated with the long dashed lines. The
open circles represent the foot point of the magnetic field
line at 120 km. The direction of magnetic north is illustrated
by a black arrow.
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every 5 s, and several time stamps are illustrated every 15 s
in the square. The foot points are gradually approached
toward the Reimei MAC FOV because of inclination/
declination of the local magnetic field line. That is not
caused by the rotation of the satellite itself, and the satellite
maintains a downward looking direction without rotation.
Images taken during the second half of this time interval
capture an auroral arc extending along almost magnetic
zonal direction. This arc is appeared almost in the center of
FOV without notable motions at least for this time interval.
The almost stationary auroral structure adjacent to the radar
is most advantageous for data comparisons.
[12] The particle measurements have been conducted
with ESA/ISA together with MAC. While the foot points
are slightly deviated from the camera FOV toward the
magnetic poleward (see Figure 2), ESA and ISA provide
data to supplement the horizontal pattern of particle precip-
itation around the auroral arc. Figure 3 shows the electron
and ion-energy spectra for 40 s from 05:16:30 to 05:17:10 UT
on 03 October 2007. White dashed lines are marked every
5 s as a reference. From 05:16:30 to 05:16:45 UT, when the
foot points are located far from the arc, the instruments do
not detect anything notable. From 05:16:45 to 05:17:02 UT,
when the foot points are mainly located at the poleward
side of the arc, several inverted-V structures are seen in
the downward (0–30; top) electron spectra but the peak
energies for individual inverted-V structures are lower
than 1 keV. Since the stopping height for precipitating
electrons of 1 keV is about 150 km, the ionosphere at the
poleward side of the arc must be ionized above 150 km
but not down to the E region. This result is consistent
with weak visible aurora at 557.7 nm, which generally
Figure 3. Electron and ion-energy spectra measured with the Reimei ESA/ISA between 05:16:30 and
05:17:10 UT on 3 October 2007. Vertical white dashed lines are drawn every 5 s for reference.
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has a peak below 150 km, at the poleward side of the arc. It
should be stated that diffuse aurora with the emission
intensity of about 2 kR can be identified in that area by
changing the color scale (not shown here). From 05:17:05
to 05:17:09 UT, an inverted-V structure with higher peak
energy is seen in the spectra of downward electrons. The
peak energy is about 3 keV, which corresponds to the
stopping height of 120 km. The arc appears to be more
extended toward magnetic westward though it is outside of
the MAC images, and the foot point gradually approaches
to the arc with time because of inclination/declination of the
magnetic field line as mentioned before. These experimen-
tal evidences are good reasons to assume that the foot
points for the 4 s (from 05:17:05 to 05:17:09 UT) are
located inside the arc. One may think that the arc can be
identified in the electron density measured with the IS
radar. However, the IS radar data is not available for that
purpose because of the F-region data above 200 km in the
area where the inverted-V structure was measured. The ion-
energy spectra do not show notable enhancements for the
time shown in the Figure 3.
[13] Figure 4 shows the ionospheric parameters of (a)
electron density, (b) LOS ion speed, (c) ion temperature, and
(d) electron temperature measured with the Sondrestrom IS
radar (located at the solid circle) for one sequence from
05:14:34 to 05:18:35 UT on 3 October 2007. Height at the
nearest range gate from the radar is 96.3 km, then increasing
by approximately 11 km with each range gate. For example,
height at the 6th range gate is 151.59 km. Negative
(positive) values of the LOS ion speed show the ion motion
toward (away from) the radar. Note that negative (positive)
values are illustrated in warm (cold) colors, which might be
different from the general manner. The red solid line
presents the radar beam direction when the satellite has
flown over this area. The contour plot of auroral arc shown
in Figure 2 is overlaid on the IS radar data. One may see that
the auroral-arc position in Figure 4 is slightly different from
that in Figure 2. This is because the auroral arc in Figure 4 is
mapped on heights of radar observations taking into account
inclination/declination of the local magnetic field line at
each data point. This modification works well because
electron-density enhancements are exactly overlapped on
the auroral arc as shown in Figure 4a.
[14] The electron density shows large enhancements in
the auroral arc. This is a typical response of the ionosphere
to auroral particle precipitation. The electron density at the
magnetic poleward side of the arc, marked by A1, shows
obvious depletions (below 1011 m3) in both E and F
regions; but the electron density beyond the 7th gate show
moderate enhancements. Between the arc and A1, the
electron density shows weak but clear enhancements in
the F region (from 64.5N to 65N) but depletions in the E
region (from 65.3N to 65.8N). We denote this area as A2
in this paper. Electron-density depressions in the vicinity of
Figure 4. Horizontal patterns of (a) the electron density, (b) the line-of-sight ion speed, (c) the ion
temperature, and (d) the electron temperature measured with the Sondrestrom IS radar from 05:14:34 to
05:18:35 UT on 3 October 2007. Note that the negative (positive) or warm (cold) color in the ion speed is
toward (away from) the radar. The direction of magnetic north is illustrated by a black arrow in Figure 4b.
The range gate that gives data used in Figure 5 is marked by a star. The contour plot of the auroral arc
shown in Figure 2 is overlaid on Figures 4a–4d but arranging its shape taking into account the magnetic
field declination and inclination. The solid red line represents the main radar beam direction while taking
the aurora images. A1 and A2 illustrate areas 1 and 2, respectively (see the text for details). The radar site
is marked with a solid circle.
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the auroral arc have been measured with satellites, rockets,
and IS radars [de la Beaujardiere et al., 1977; Evans et al.,
1977; Cahill et al., 1980; Theile et al., 1981; Marklund et
al., 1982, 1983, 1997, 2001; Gustavsson et al., 1997; Freja
Special Issue, 1998; Karlsson and Marklund, 1998;
Hultqvist, 2002]. It is considered that the up-going elec-
trons originated in the ionosphere or the downward field-
aligned current cause the electron-density depression. The
upward field-aligned currents present in the auroral arc in
association with the down-going accelerated electrons or
auroral particle precipitation. The current continuity is a
balance between the field-aligned current density integrated
along the geomagnetic field line from the base to the top
of the ionosphere and the divergence of the current
density perpendicular to the geomagnetic field line. To
sustain the current continuity system, the ionospheric
electric field perpendicular to the auroral arc is enhanced
to increase the Pedersen current. Since the major force to
control the horizontal ion motion in the F region is E  B,
the F-region ion speed in the downward field-aligned
current region should be accelerated along the auroral arc.
This acceleration can be seen in A1 and A2 of Figure 4b,
which shows horizontal patterns of the LOS ion speed.
The ion speeds in both A1 and A2 are almost identical at
about 350–400 m s1. Since the ion speed measured
with the Sondrestrom IS radar for this event is only the
LOS component, the perpendicular component to the
LOS cannot be estimated. However, the ion velocity vector
estimated with the SuperDARN radars over this area from
05:14 to 05:18 UT is almost parallel to the IS radar
LOS. Thus it is considered that the ion speeds shown in
Figure 4b are close enough to the total velocity. The magni-
tude of the electric field can be estimated as approximately
18–20 mV m1.
[15] Figure 4c shows the horizontal pattern of the ion
temperature. The ion temperature in A1 shows clear
enhancements; but enhancements in A2 appear to be more
moderate than A1. The electron temperature, shown in
Figure 4d, also shows enhancements at E-region height in
A1 but not in A2. While the E-region data should not be
used in a quantitative manner as mentioned in section 3, the
enhancements may be caused by the Farley-Buneman
instability, which can be caused by electric fields larger
than 20–30 mV m1 [Schlegel and St.-Maurice, 1981;
Davies and Robinson, 1997; Saito et al., 2001]. This may
imply that the electric field in A1 is larger than the threshold
but smaller in A2. However, differences in the electric-field
magnitude between the two areas must not be large accord-
ing to the horizontal pattern of the ion speed. The difference
may be less than a few mV m1.
[16] The ionosphere at the magnetic equatorward side of
the arc may also be characterized in a similar manner as the
poleward side; but data look noisier because of larger range.
Thus this paper focuses on the poleward side. The similar
signature of the ionospheric parameters can be identified in
the FOVof the IS radar from 05:06 to 05:22 UT (not shown
here). It is thus considered that the flow channel has
appeared at least for 16 min in the observation area.
[17] While Figure 4 gives us the ideal horizontal image of
the ionospheric current system associated with the auroral
arc, Figure 5 may be better suited for a quantitative
comparison among ionospheric parameters. From top to
bottom, data of (a) electron density, (b) LOS ion speed,
(c) ion temperature, and (d) electron temperature taken at
151.59 km altitude are shown. The two areas, A1 and A2,
are hatched in dark and moderate gray, respectively. The
auroral arc appeared from 53.2 to 52.15 longitude
(hatched in light gray). While this Figure 5 shows a one-
dimensional pattern at one height, signatures mentioned in
Figure 4 are well captured: (1) high electron density, small
LOS ion speed, low ion temperature in the auroral arc,
(2) low electron density, large LOS ion speed, strong
enhancements in the ion temperature in A1, and (3) mod-
erate electron density, large LOS ion speed, weaker
enhancements in the ion temperature in A2. The electron
temperature in A1 does not show enhancements because the
data pertain to the F-region altitude.
[18] Figure 4 suggests that the electric fields in both A1
and A2 are approximately 20 mV m1. However, one may
query why the ion temperature in A2 has smaller values
than A1 when taking into account the frictional heating
process. To understand this issue, we need to consider
effects of the neutral wind that will be discussed in the
next section.
5. Discussion
[19] As mentioned in section 1, spatiotemporal relation-
ships between the electric field and the potential structure in
the magnetosphere have been studied by many researchers
using satellite data (up to 2000 km height). For example,
of particular interest in the recent findings is very intense
(>100 mV m1) and narrow (1 km) structures of the
electric field appeared in the vicinity of the energetic
electron precipitation [Marklund et al., 1994, 1997, 2001,
2004; Ergun et al., 1998, 2000, 2002; Andersson et al.,
2002; Lynch et al., 2002; Johansson et al., 2004; Figueiredo
et al., 2005]. Such electric fields are characterized by the
divergent structure. Since the divergent electric field is
frequently observed in association with the downward
current or up-going electrons from the ionosphere, it is
suggested that the intense divergent electric field is related
to the enhanced Pedersen current in the current closure
system. Ionospheric ions move from the downward current
region to the upward current region in association with the
Pedersen current. This motion is perpendicular to the mag-
netic field line and also to the auroral arc. Since the iono-
spheric frictional heating process coincides with the Pedersen
current enhancement, the F-region ion temperature is
promptly increased in response to applied electric fields from
the magnetosphere. Actually, the F-region ion temperature
measured with IS radar shows fairly good correlation with
electric-field variations [Fujii et al., 2002]; but there are
some exceptions, which may be caused by an active role of
the thermospheric wind. The hypothesis proposed here to
explain the ion-temperature difference between A1 and A2
is that the relative speed between ions and neutral particles
is larger in A1 than A2. This means that the neutral wind
has horizontal shears between the two areas. Figure 5 shows
that increases in the ion temperature in A2 are smaller than
those in A1 though the ion speeds are in almost same level
between the two areas. While there is no observed data of
the neutral wind for this event, it is worthy of discussing
possible effects of the horizontal shears of the horizontal
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neutral wind on the ion-temperature enhancement. In the
discussion we ignore heat exchange from electrons to ions.
While heat exchange may increase the ion temperature up to
a maximum of 200 K above the F2 peak [St.-Maurice and
Hanson, 1982], the effect should be weaker at 150–200 km.
Furthermore, ion-temperature increases appear to be larger
than 200 K (see Figure 5).
[20] The F-region ion temperature can be explicitly
written in the ion-energy equation [St.-Maurice and Hanson,
1982; Oyama et al., 2004].
Ti ¼ Tn þ Tie þ mifin
3kBy in
V i  V nð Þ2 ð1Þ
where
Tie ¼ mi þ mnð Þvie
miviny in
Te  Tið Þ ð2Þ
vie ¼ 18:5 1010 Ne
T
3=2
e
ð3Þ
and
vin ¼ 3:67 1017Nn
ﬃﬃﬃﬃﬃﬃ
Tin
p
1 0:064 log10 Tinð Þ2 ð4Þ
where Ti, Te, and Tn are the ion, electron, and neutral
temperatures, respectively, Tin is equal to (Ti + Tn)/2, mi and
mn are the ion and neutral masses, respectively, Nn and Ne
are the number density of neutrals and electrons, respec-
tively, Vi and Vn are the ion and neutral velocities,
respectively, kB is the Boltzmann constant, nin and nie are
the ion-neutral and ion-electron collision frequencies,
respectively [Schunk and Nagy, 2000]. Here we assume
that y in and 8in, which are the velocity-dependent
correction factor [see Schunk, 1977, Appendix B] are equal
to 1 for all ion-neutral interactions. Ideally all parameters in
these equations should be given in the individual areas,
A1 and A2. The parameters, which are not given by the IS
radar, are mi and thermospheric parameters, such as Tn, Nn,
Vn, and mn. In this calculation mi is given by a value used
for IS-spectrum analysis (27.8 mp at 152 km height; mp:
proton mass) and the thermospheric parameters except for
Vn are given by NRLMSIS-00 (Mass Spectrometer
Incoherent Scatter) model [Picone et al., 2002]. Further-
Figure 5. (a) Electron density, (b) line-of-sight ion speed, (c) ion temperature, and (d) electron
temperature measured with the Sondrestrom IS radar at 152-km altitude. Two areas named as A1 and A2,
which are defined in Figure 4, are marked.
A07311 OYAMA ET AL.: FRICTIONAL HEATING AROUND AN AURORAL ARC
8 of 13
A07311
more, we assume that these model-dependent parameters do
not have horizontal shears in A1 and A2. We also assume
that the ion speed parallel to the auroral arc is dominant in
A1 and A2 compared to the perpendicular speed. This is a
reasonable assumption according to the ionospheric current
closure system, which produces the intense electric field
perpendicular to the auroral arc. Thus the ion velocity
vector in equation (1) can be simply replaced by the LOS
ion speed of the IS radar. Therefore only Vn, which has
three components, is now unknown parameter. Vn cannot
be explicitly determined because of only one equation of
equation (1); but we can derive difference of the neutral
wind speed between A1 and A2 by assuming that only the
parallel component to the auroral arc has horizontal shears.
V
para
n;A2  Vparan;A1
  ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
3kB
mn
Ti;A2  Tn  Tie;A2
 s

ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
3kB
mn
Ti;A1  Tn  Tie;A1
 s  ð5Þ
Thermospheric and ionospheric values listed in Table 1 are
substituted into equation (5), which gives 355 m s1 for the
horizontal wind shear. Since IS radar data for this
calculation are taken from Figure 5, MSIS data are derived
assuming 152 km height same as Figure 5. This means that
the wind shear mentioned above is derived for that height.
Actually, we have conducted the calculation by using data
taken from 140 to 174 km; but there is no significant
difference in the results among them. That is reasonable
because the thermospheric winds at F-region heights
generally do not have notable altitude shears [Killeen et
al., 1982]. As mentioned above, observed data are not
available to confirm whether the estimated wind shear is
reasonable for this event. However, the wind magnitude is
not surprisingly large compared with previous observations
[Greet et al., 1999; Richmond et al., 2003; Griffin et al.,
2008] and simulations [Ridley et al., 2003; Deng and
Ridley, 2006] though may be larger than the long-term
average of quiet-time data [Emmert et al., 2003].
[21] In the previous paragraph, discussion has been
focused on relative differences seen in the ion temperature
and the ion speed between A1 and A2; but we can find
more detailed signatures in the two areas. There are one-to-
one correspondences among the electron density, LOS ion
speed, and the ion temperature in A1 and A2. Lower
electron density coincides with larger LOS ion-speed mag-
nitude and higher ion temperature. While the spatial reso-
lution designed for the experiment with the IS radar may
not be sufficient to study in more quantitative manner, such
good correspondence suggests that there are more detailed
structures in the ionosphere and the thermosphere around
the auroral arc.
[22] On average, the polar ionosphere and thermosphere
act as a sink of the energy input from the magnetosphere. A
major part of the dissipated energy is transformed into the
thermal energy and mechanical energy, although the ratio
between the two energies is dependent on the particular
ionospheric and thermospheric condition. At the initial
moment when the electromagnetic energy has been trans-
ferred from the magnetosphere to the ionosphere, the
ionosphere at both A1 and A2 must have received equiv-
alent energies. However, the amount of momentum transfer
from the plasma to the neutral particles through the collision
process could be different between A1 and A2 because of
more particle precipitations or higher F-region density in A2
than A1. Figure 6 is a diagram that shows how to transform
the thermal and mechanical energies between plasmas and
neutral particles for this event. The arrow illustrates the
direction of individual effects, and the width presents
qualitative importance of the effects. Actually, the thermal
and mechanical energies are not explicitly separated in the
diagram. To do so, we need more quantitative calculations
using data of the thermospheric wind, temperature, and
density obtained from the observation. However, such data
are not available for this event. Larger plasma density in A2
than A1 causes more efficient acceleration of the neutral
particles in A2 through the collision process (0). This
suggests that the relative velocity between the neutral wind
and the ion velocity is smaller in A2 than A1. The smaller
relative velocity reduces the frictional heating rate then
suppresses enhancements in the ion temperature. The sup-
pression is thus more significant in A2 than A1 ('), and the
ion temperature measured with the IS radar in A2 is lower
than that in A1. The heat transfer from plasmas to neutral
particles in A1 may be identical to that in A2, although the
ion temperature in A1 is higher than A2 (|). This is because
of a difference in the ion-neutral collision frequency. If so,
the neutral temperature should not have obvious horizontal
shears to change the horizontal pressure gradient, which is
an important parameter for the thermospheric wind dynam-
ics in the F region. Thus we suggest that only possible
mechanism to cause the wind shear is the momentum
transfer from the accelerated ions by the intense electric
field to the neutral particles. To prove this hypothesis,
characteristic time to define the thermospheric response to
a change in ion motions is the next important issue. The
previous studies have suggested that it takes more than
10 min for the momentum transfer from ions to neutrals
at F-region heights [Baron and Wand, 1983; Killeen et
al., 1984; Kosch et al., 2001]. Since the similar horizontal
pattern as presented in Figure 4 appeared for at least
16 min, the momentum transfer may work to establish the
horizontal wind shear. However, it should be noted that the
ion-drag time constant for the momentum transfer was
defined neglecting the pressure gradient term in the momen-
tum equation for the neutral gas, although response of the ion
temperature may be more prompt (less than a few tens of
seconds) [Baron and Wand, 1983]. If the thermal energy
transfer from ions to neutrals can also generate the pressure
Table 1. Values Substituted Into Equation (5)a
MSIS
IS radar
A1 A2
Tn (K) 655 [Ne] (m
3) 4.0  1010 7.9  1010
[O] (m3) 1.0  1016 ViLOS (m s1) 350 350
[N2] (m
3) 2.6  1016 Ti (K) 1200 800
[O2] (m
3) 3.4  1015 Te (K) 750 750
aIS radar data were taken from Figure 5, and MSIS data were calculated
assuming 152-km height.
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gradient in the thermosphere, the characteristic time may be
decreased than the ion drag time constant.
6. Summary and Conclusions
[23] The simultaneous observations were conducted with
the Sondrestrom IS radar and the Reimei satellite on 03
October 2007 around 05:17 UT (02:54 MLT) in order to
measure the horizontal pattern of the ionospheric parameters
adjacent to the auroral arc. The camera on board the Reimei
satellite captured an auroral arc nearly aligned parallel to an
L shell. Gross ionospheric features measured with the IS
radar around the arc were in fairly good agreement with the
previous results from satellite and radar observations. How-
ever, the horizontal pattern of the ion temperature was
characterized by a localized signature different from the
previous results. The ion temperature at the magnetic
poleward side of the auroral arc was separated into the
two areas, which were almost aligned with the arc of width
of 10 km: A1 with enhancements in both the ion speed
and the ion temperature and A2 with smaller enhancements
in the ion temperature but with ion-speed enhancements on
the same level with A1. The frictional heating process is a
dominant physical mechanism to cause ion-temperature
enhancements in the F region. Since the frictional heating
rate is a function of the relative speed between ions and
neutral particles, the ion-temperature pattern suggested that
the neutral wind in A2 was approximately equal to the ion
velocity but the neutral wind in A1 had some significant
differences from the ion velocity. This revealed that the
neutral wind had a horizontal shear within a region with a
20 km width, because the ion speed in the two areas was
almost identical. The neutral wind in A2 was considered to
be accelerated more efficiently by ion drag than A1 because
of higher electron density in A2 because of more particle
precipitations.
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